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SUMMARY

The objective of this project was to solve, for the first time, by X-ray crystallography, the

three-dimensional structure of acetylcholinesterase and to learn from this structure the reaction

mechanism, inhibition modes, and other structural and functional properties of the enzyme.

The three-dimensional structure of acetylcholinesterase (AChE) from Torpedo californica

electric organ was determined by X-ray analysis to 2.8 A resolution (Sussman et al. (1991)

Science, 253, 872-879). The form crystallized is the glycolipid-anchored homodimer purified

subsequent to solubilization with a bacterial phosphatidylinositol-specific lipase C (Sussman et

al. (1988) J. Mol. Biol., 203, 821-823). The enzyme monomer is an / protein, containing 537

amino acids. It consists of an 12-stranded mixed 3-sheet, surrounded by 14 at-helices and bears a

striking resemblance to several hydrolase structures including dienelactone hydrolase, serine

carboxypeptidase-II, three neutral lipases and haloalkane dehalogenase. The active site is

unusual because it contains Glu, not Asp, in the Ser-His-Acid catalytic triad, and because the

relationship of the triad to the rest of the protein approximates a mirror image of that seen in the

serine proteases. Furthermore, the active site lies near the bottom of a deep and narrow cavity,

which we have named the aromatic gorge, since it is lined by rings of 14 conserved aromatic

amino acids. The choline binding 'anionic' subsite itself is misnamed, as it contains at most one

formal negative charge. Instead the quaternary moiety of choline appears to bind chiefly through

interactions with the x electrons in the aromatic residues on AChE. The gorge is so deep, and its

aromatic surface so extensive, that there must be many different ways and places for substrate,

agonists, and inhibitors to bind to AChE. However, modeling of ACh binding to the enzyme

suggests that the principal interaction of the quaternary group is with the indole ring of Trp84.

X-ray refined structures of complexes of Torpedo californica AChE with edrophonium and

tacrine (Sussman, Harel & Silman (1992), in Multidisciplinary Approaches to Cholinesterase

Functions, Shafferman & Velan, Eds., pp. 95-107) have shown both ligands to be opposed to

Trp84. A second conserved aromatic ring, that of Phe330, undergoes a conformational change

so as to make an aromatic-aromatic or aromatic-quaternary interaction with the bound ligand. A

similar conformation change in the indole ring of Trp279, at the opening of the gorge, -18 A
away from the 'anionic' binding site, indicates a possible location for the 'peripheral' anionic site.

X-ray structure refinement, at 2.9 A resolution, of the complex of AChE with the

bisquaternary inhibitor 1,5-bis(4-allydimethylammoniumphenyl)pentane-3-one dibromide
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(BW284c51), which spans the aromatic gorge, shows the interaction of one bisquaternary

nitrogen with the inner Trp84, in a fashion similar to the two monoquaternary ligands, while the

second quaternary nitrogen interacts with Trp279, thus confirming the location of the 'peripheral'

binding site of AChE.

Torpedo AChE and human butyrylcholinesterase (BChE), while clearly differing in substrate

specificity and sensitivity to various inhibitors, possess 53% sequence homology. This permitted

modeling of human BChE on the basis of the three-dimensional structure of Torpedo AChE

(Harel et al. (1992) Proc. Natl. Acad. Sci. USA, 89, 10827-10831). The modeled BChE structure

closely resembled that of AChE in overall features. However, six of the aromatic residues which

are conserved in the active site gorge of AChE are absent in BChE. Modeling showed that two

such residues, Phe288 and Phe290, which are replaced by Leu and Val, respectively, in BChE,

may prevent entrance of butyrylcholine (BCh) into the acyl-binding pocket. We generated, by

site-directed mutagenesis, a double mutant, Phe288Leu/Phe29OVal, in which the aromatic

residues of Torpedo AChE are replaced by the aliphatic residues present in human BChE. This

mutant hydrolyzes butyrylthiocholine as well as acetylthiocholine, and is inhibited very

efficiently by the BChE-specific organophosphate isoOMPA. The enhanced potency of

bisquaternary compounds relative to the corresponding monoquaternary ligands does not hold for

BChE. The replacement of Trp279 by Ala in BChE might explain its lack of a 'peripheral' site,

and thus its failure to display enhanced sensitivity to bisquaternary inhibitors. The mutant,

Trp279Ala, displayed strongly reduced inhibition, relative to the wild type, by the peripheral-

site-specific ligand, propidium, whereas inhibition by the catalytic site inhibitor was unaffected.

This adds additional support to the assignment of Trp279 to the peripheral anionic site in

Torpedo AChE.
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I) OBJECTIVES

The objective of this proposal was to determine the three-dimensional structure of
acetyicholinesterase (AChE) from Torpedo californica at atomic resolution. This was
approached by the method of single-crystal X-ray diffraction. The project entailed the following

steps:

a) Development of a routine procedure for obtaining large quantities of highly purified AChE
by affinity chromatography followed by HPLC.

b) Development of reproducible procedures for growing large and highly ordered single crystals
of AChE suitable for high-resolution X-ray diffraction.

c) Utilization of cryogenic data collection on an area detector for accurate and rapid collection
of X-ray intensities.

d) Preparation of isomorphous heavy atom derivatives of the AChE crystals, so as to permit
solution of the phase problem.

e) Employment of real-time computer graphics to trace the backbone fold of AChE in the
electron density map, based on the method of multiple isomorphous replacements (MIR)
phases.

f) Least-squares refinement of the entire structure to fit the observed X-ray data.
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II) BACKGROUND

The principal biological role of AChE is termination of impulse transmission at cholinergic

synapses by rapid hydrolysis of the neurotransmitter acetylcholine (ACh) (1).

CH 3COOCH2CH2N+(CH3)3 + AChE

I

CH3CO-AChE + HOCH2CH2N+(CH3)3I

CH3COO" + H+ + AChE

In keeping with this requirement, AChE possesses a remarkably high specific activity,

especially for a serine hydrolase (for a review, see (2)), functioning at a rate approaching that of

a diffusion-controlled reaction (3). The powerful acute toxicity of organophosphorus poisons (as

well as of carbamates and sulfonyl halides which function analogously) is primarily due to the

fact that they serve as potent inhibitors of AChE (4). Inhibition results from the formation of a

covalent bond with a serine residue in the active site (2). AChE inhibitors are used in treatment

of various disorders such as myasthenia gravis and glaucoma (5), and their use has been

proposed as a possible therapeutic approach to the management of Alzheimer's disease (6).

Knowledge of the three-dimensional structure of AChE is, therefore, essential for understanding

its remarkable catalytic efficacy, for rational drug design, and for developing therapeutic

approaches to organophosphate poisoning. Furthermore, information about the ACh-binding site

of AChE will help us understand the molecular basis for the recognition of ACh by other ACh-

binding proteins such as the various ACh receptors (7).

The different oligomeric forms of AChE in the electric organ of the electric fish,

Electrophorus and Torpedo, are structurally homologous to those in vertebrate nerve and muscle

(8). Highly purified preparations from these abundant sources of AChE (9) have taught us much

about the number and arrangement of subunits and modes of anchoring to the surface membrane

of these molecular forms (10). They have also yielded considerable information concerning the

surface topography of AChE (11) and about its mechanism of action (2).

Early kinetic studies indicated that the active site of AChE contains two subsites, the
'esteratic' and 'anionic' subsites (12), corresponding, respectively, to the catalytic machinery and

the choline-binding pocket. The 'esteratic' subsite is believed to resemble the catalytic subsites of

other serine hydrolases (13, 14). The active-site serine, with which organophosphates react, has
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been unequivocally established to be Ser200 in T. californica AChE (15). Both kinetic and

chemical studies (16) implicate a histidine residue in the active site. The 'anionic' subsite binds

the charged quaternary group of the choline moiety of ACh, and is believed to bind both

quaternary ligands, such as edrophonium (17) and N-methylacridinium (18), which act as

competitive inhibitors, and quaternary oximes, which often serve as effective reactivators of

organophosphate-inhibited AChE (13). Cohen and coworkers (19) have suggested, on the basis

of studies employing cationic and uncharged homologs of ACh, that the 'anionic' subsite is, in

fact, uncharged and lipophilic. Furthermore, chemical modification and spectroscopic studies

support the presence of aromatic residues in the active site of AChE (20-22).

In addition to the two subsites of the catalytic center, AChE possesses one or more binding

sites for ACh and other quaternary ligands (Figure 3). Such 'peripheral' anionic site(s), clearly

distinct from the choline-binding pocket of the active site, have been proposed (18, 23, 24) and

were firmly established by Taylor & Lappi (25) by use of the fluorescent probe, propidium. It

acts as an uncompetitive inhibitor and binds at a site clearly distinct from that occupied by the

monoquaternary competitive inhibitors mentioned above. Radic et al. (26) recently provided

experimental evidence that this is the site involved in the substrate inhibition characteristic of

AChE. For a recent review of this complex literature, see (2).

The first AChE crystals obtained were of a tetrameric form purified from electric organ tissue

of Electrophorus electricus (27). Although preliminary characterization of these crystals was

reported over 25 years ago by Chothia & Leuzinger (28) and, more recently, by Schrag et al.

(29), no structural data have yet been presented.

In vertebrates, two enzymes efficiently catalyze ACh hydrolysis: AChE and a second

enzyme, butyrylcholinesterase (BChE) (30). Although the second enzyme, BChE, is widely

distributed, its biological role is unknown (31). BChE is so called since it hydrolyses BCh at

rates similar to or faster than ACh, whereas AChE hydrolyses BCh much more slowly than it

hydrolyses ACh (31). BChE is also known as serum cholinesterase, due to its high concentration

in vertebrate serum (31). The two enzymes are further distinguished by their differential

susceptibility to various inhibitors (32). For example, some bisquaternary compounds, which are

more potent inhibitors of AChE than their monoquaternary counterparts, bind poorly to BChE

(33). Human BChE (H-BChE) is of interest to anesthesiologists and geneticists, since it is

responsible for breakdown of the short-term muscle relaxant, succinylcholine (34), and because

numerous genetic variants exist in which the rate of succinylcholine hydrolysis is reduced (31).

-8-



HI) RESULTS

A) Atomic Structure of Acetykcholinesterase from Torpedo californica

1) Purification. crystallization and structure determination

In Torpedo, a major form of AChE is a homodimer bound to the plasma membrane via

covalently attached phosphatidylinositol (PI) (10). This dirmer has a simpler quaternary structure

than Electrophorus AChE, and its sequence and the arrangement of its intrachain disulfides have

been determined (15, 35, 36). The PI is attached to the COOH-terminus of each monomer

through an intervening oligosaccharide, with the diglyceride moiety of the PI serving as the
hydrophobic anchor (10). Consequently, the dimer can be selectively solubilized by a bacterial
PI-specific phospholipase C (37). This mild procedure also achieves significant purification

prior to affinity chromatography. We were thus able to obtain large amounts of pure, un-nicked

enzyme for crystallization. We earlier reported preliminary crystallographic characterization of
crystals of this form of AChE obtained from polyethyleneglycol (PEG) 200 (38).

Recently we obtained a crystal form more suitable for X-ray analysis. AChE, purified as

already described (38), was crystallized at 19*C, using standard vapor diffusion techniques in
hanging drops (39) with 61% saturated ammonium sulfate, 360 mM Na, K-phosphate buffer, pH

7.0, as precipitating agent and a protein concentration of -11 mg/ml (40). Single trigonal
crystals grew within a few weeks to dimensions of 0.8 x 0.4 x 0.4 mm (Figure 1). They belong to

space group P3 121, contain one monomer per asymmetric unit and diffract to 2.6 A resolution
(Figure 2). Compared to the crystal form grown from PEG 200 (38), the trigonal crystals grow
more reproducibly, are mechanically more robust and survive longer in the X-ray beam

(Table 1).

The structure was solved by the multiple isomorphous replacement (MIR) method (Table 1)

followed by three cycles of solvent-flattening (41) and phase combination to improve the map
(Figure 4). An initial AChE model comprising 505 out of a total of 537 residues in the
polypeptide chain (42) was obtained by applying the fragment retrieval option, DGNL, to fit

fragments from the Brookhaven Protein Structure Data Bank (43) to the skeletonised electron

density distribution generated by BONES as implemented in the program FRODO (44-46). One

of the two mercury sites of the HgAc2 derivative (see Table 1) is buried in the interior of the
protein. Biochemical studies had previously shown that several thiol reagents, including the
organomercurial, p-chloromercurisulfonic acid, inhibit Torpedo AChE (47). The sulfhydryl of
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Cys231 is the only free thiol in the enzyme (36) and seemed, therefore, a reasonable attachment

site for a mercury derivative. Since kinetic constants suggested that the sulfhydryl modified is

relatively inaccessible, we searched in the vicinity of the buried mercury atom for densities

whose shape corresponded to the sequence Cys23l-Pro232-Trp233. When this sequence proved

to fit the observed density satisfactorily, we built out from the tripeptide in both directions. The

amino acid sequence could be fitted accurately to the electron density at all points, and

bifurcations were observed, as might be predicted, at the sites of the three intrachain disulfides

(36). The initial R-factor for 15-2.8 A resolution data, based on these 505 residues, was 43%

before any crystallographic refinement.

A preliminary refinement using the simulated annealing program X-PLOR (48), yielded

calculated phases that were used to produce a new map which revealed an additional 21 of the

missing amino acid residues. Refinement was continued, using X-PLOR in conjunction with

PROFFT (49-51), decreasing the R-factor to 18.6% for all data (F > 0 a) from 6.0 to 2.8 A
resolution. The present model, consisting of 526 residues and 71 water molecules, maintains

good stereochemistry; it has an r.m.s. deviation in bond lengths of 0.021 A and in bond angleý of

4.0. 81 atoms, belonging to side-chains of 27 polar surface residues which were not seen in the

electron density map even after being omitted, were excluded from the refinement. The

coordinates have Accession Number lACE in the Brookhaven Protein Data Bank (43).

2) General structure

The molecule has an ellipsoidal shape with dimensions -45 x 60 x 65 A. It belongs to the

class of NO3 proteins (52, 53) and consists of a 12-stranded mixed 13-sheet, surrounded by 14 a-

helices (Figures 5 & 6). The first and last pairs of strands each form 03-hairpin loops which are

only loosely hydrogen-bonded to the eight central, superhelically twisted strands (Figure 5B).

Viewed along its axis, the central sheet curves -180A while viewed perpendicular to its axis, the

first and last strands cross each other at ~90A. Of the 14 helices, two of the longer ones, namely

aF and aH, are bent close to their interhelix disulfide bridge. The ax-helical content of 30% and

P3-sheet content of 15% observed in the crystal structure are in reasonable agreement with those

estimated from CD measurements (54).

The AChE homodimer, whose subunits are related by a crystallographic two-fold axis,

appears to be held together by a four-helix bundle composed of helices (aF3 and aH from each

subunit (Figure 7). The only interchain disulfide involves the C-terminal Cys537 (36). The three

C-terminal residues and the oligoglycan extension of the membrane-anchoring domain (42) are
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not visible in the electron density map, most likely because they arm disordered. Residues 1-3

and an exposed loop from 485 to 489 are also not seen, presumably for the same reason.

3) Active site

The existence of a catalytic triad in AChE has been the subject of controversy (2). The

earlier identification of Ser200 as the active-site serine of T. californica AChE (15) has recently

been supplemented by the designation of His440 as the catalytic histidine residue on the basis of

sequence comparison (55, 56) and site-directed mutagenesis (57). Our chain tracing clearly

supports this assignment by placing His440 near Ser200. Glu327 is also near His440. The three

residues form a planar array which resembles the catalytic triad of chymotrypsin (Cht) and other

serine proteases (58) (Figure 8A). There are, however, two important differences: 1) AChE,

together with a neutral lipase from Geotrichum candidwn, whose three-dimensional structure

was also solved only recently (59), are the first published cases of Glu occurring instead of Asp

in a catalytic triad. 2) This triad is of opposite 'handedness' to that found in serine proteases. This

change in hand is equivalent to keeping the position of the O%, the histidine imidazole ring and

the acid carboxylate group approximately constant, while rotating the rest of the molecule about

the line joining SerCjp to HisCy, thus reversing the direction of the polypeptide backbone around

the His and Ser residues (Figure 8A). This suggests that the oxyanion hole, which is formed by

the amide Ni- of the active site Ser in the serine proteases (i.e. N-terminal), would be formed by

the amide NH of the following residue in AChE, Ala201 (i.e. C-terminal). All three triad

residues occur within highly conserved regions of the sequence (Figure 6) and, as is typical of

active sites in a/13-proteins (60), are in loops following the C-termini of 13-strands.

4) Active site gorge

The most remarkable feature of the Torpedo AChE structure is a deep and narrow gorge,

about 20 A long, which penetrates halfway into the enzyme and widens out close to its base

(Figure 9A). We have named this cavity the 'active site gorge' because it contains the AChE

catalytic triad. Oy, which can be seen from the surface of the enzyme (Figure 9B), is about 4 A
above the base of the gorge. 14 aromatic residues line a substantial portion of the surface of the

gorge (-40%) (Figures 4, 6, 9 & 10). These residues and their flanking sequences, which are

highly conserved in AChEs from various species (Figure 6), come primarily from loops between

P31 and 132, P2 and P3, 035 and 136, 137 and P38, and after j38 (Figure 5C). Residues as far apart as

Asn66 and Iie444 contribute to the lining and base of the gorge, and are all synthesized on the

first exon, which codes for residues 1-480 (61). It should be noted that the gorge contains only a
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few acidic residues: these include Asp285 and Glu273 at the very top, Asp72, hydrogen-bonded

to Tyr334, about half way down, and Glu199, close to the bottom.

The presence of tryptophan in the active site of AChE was predicted by spectroscopic and

chemical modification studies (20, 62). The recent affinity labeling study of Weise et al. (63) in

fact identified Trp84 as part of the putative 'anionic' (choline) binding site. An earlier

photoaffinity labeling study implicated a peptide in electric eel AChE, homologous to Torpedo

Gly328-Ser329-Phe330-Phe331, as part of the binding site (64), and similar data, demonstrating

photolabeling of F330 of T. marmorata AChE were presented recently (65). The observation of

tyrosine residues adjacent to the catalytic site agrees with chemical modification studies (21, 22,

66). The hydroxyl groups of Tyrl21 (half-way up) and Tyrl30 (at the bottom) point into the

gorge.

Despite the structural complexity of the gorge and the flexibility of the natural substrate, ACh

(67), a good fit of the extended, all-trans conformation of ACh was obtained by manual docking.

Specifically, the acyl group was positioned to make a tetrahedral bond with the Qy of Ser200,

while the quaternary group of the choline moiety was placed within van der Waals distance

(-3.5 A) of Trp84 (Figure 8B). This is in striking agreement with the study of Weise et al. (63)

mentioned above, in which a quaternary affinity label was shown to label Trp84 specifically.

Our model suggests that the 'oxyanion hole' (58) would be formed by the main chain nitrogens of

Glyl 18, Gly 119 and Ala201 interacting with the carbonyl oxygen, and that the ester oxygen may

interact with the imidazole of His440. The fact that the amide nitrogen of Ala201, and not that of

Ser200, contributes to the 'oxyanion hole' is consistent with the reversed topology, noted above,

of the catalytic triad relative to the serine proteases. Glyl 18 and Glyl 19 are part of a 10-residue

conserved sequence which contains three glycines in a row; this may make the chain flexible

enough to allow amide nitrogens from both Gly 118 and Gly 119 to be part of the oxyanion hole.

Glu 199, which might serve as an anionic component of the substrate-binding site, appears, in our

model, to make close contacts (-3 A) both to one of the quaternary methyl groups and to the

a-carbon of the choline moiety. We have omitted it from Figure 8B since it has been reported

that mutating it to glutamine does not have a dramatic effect on the kinetic parameters (57).

Glu 199 appears, however, to be hydrogen-bonded, either directly or through a water molecule, to

Glu443. Since both carboxylic acid side-chains are in a hydrophobic environment in the interior

of AChE, it seems likely that one or both of them may be protonated. This might explain the

unexpected result of the mutagenesis experiment.
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The high aromatic content of the walls and floor of the active site gorge, together with its

dimensions, may help to explain why biochemical studies have revealed a variety of hydrophobic

and 'anionic' binding sites distinct from, or overlapping, the active site. For instance, chemical

modification by various reagents greatly reduces enzymic activity towards ACh either without

affecting, or sometimes actually enhancing, activity towards various neutral esters (66, 68, 69).

This supports the existence of hydrophobic areas distinct from the binding site for ACh. Other

evidence for hydrophobic sites extending beyond or distinct from the anionic site comes from

studies on the affinities and reaction rates of homologous series of organophosphate inhibitors

(70), on the affinities of various acridine derivatives (71) and from studies employing resolved

enantiomeric methylphosphonothioates (72, 73). The complexity of the array of aromatic

residues also provides candidates for a binding site for aromatic cations, the existence of which,

closer to the esteratic site than the 'anionic' site, was recently proposed (1 1). All these results are

Lonsistent with the characteristics of the deep gorge extending up from the active site of AChE.

Two reports have used photo labeling (74) and affinity labeling (63) to identify peptide

sequences, residues 251-264 and 270-278 respectively, as part of the 'peripheral' binding site(s)

for ACh and other quaternary ligands. These two neighboring peptides on the surface of the

protein are close to the rim of the gorge. The complex and varied inhibitory effects of different

peripheral site ligands (2, 14, 24) may be better understood taking into account the complex

geometry of the gorge. Certain ligands may be too bulky to penetrate it, but still might partially

block its entrance. The longer bisquaternary compounds, which serve as potent inhibitors, might

attach at one end to the peripheral site(s) and at the other end to any one of the various aromatic

residues lining the walls of the gorge. However, because of its depth, shorter bisquaternary

inhibitors and oxime reactivators might bind wholly within the gorge itself.

5) Aromatic guidance

There has been much discussion concerning the chemical characteristics of the anionic

binding site of AChE (2) as well as of ACh-binding proteins in general (7). The positive charge

of ACh and of numerous potent ligands led to the designation of the site as 'anionic', and this was

supported by the study of Nolte et al. (75) which indicated that the binding site for ACh in

Electrophorus AChE contains 6-9 negative charges. These authors suggested that the

exceptionally high on-rate observed for quaternary ligands might thus be due to the field
produced by the array of negative charges. This is somewhat similar to the 'electrostatic

guidance' mechanism postulated for superoxide dismutase, in which an array of positive charges
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guides the negatively charged superoxide radical into the active site cavity of this rapid enzyme

(76,77).

The above hypothesis, though appealing, is at odds with our structure. We see only a small
number of negative charges close to the catalytic site, but many aromatic residues both near the

catalytic triad and on the walls of the narrow gorge leading down to it. The prototypic
crystallographic study of a binding site for a quaternary ligand, that of the McPC603 myeloma
protein, which binds phosphorylcholine selectively, showed that the quaternary moiety of the

bound ligand was associated with three aromatic rings (78). Chemical modification studies of
the nicotinic ACh-receptor also point to involvement of aromatic residues in its ACh-binding site
(79, 80). Dougherty and Stauffer (7) have recently presented theoretical considerations, as well

as experimental data obtained with model host sites, to support a preferential interaction of
quaternary nitrogens with the x electrons of aromatic groups. Indeed, they present evidence that

aromatic groups interact more strongly with quaternary ammonium ligands than with isosteric
uncharged ligands, presumably due to the polarizability of the ion.

It is, however, pertinent to ask how the overall aromatic character of the gorge might

contribute to the high rate of ligand binding and, thereby, to the high catalytic activity. First of
all, it should be pointed out that the hydrophobicity of the gorge would produce a low local
dielectric constant, which could result in a higher effective local charge than might be predicted

from the small number of adjacent acidic groups (75). More important, the aromatic lining may
permit utilization of a mechanism involving initial absorption of ACh to low-affinity sites

followed by two-dimensional diffusion to the active site (81). Rosenberry and Neumann (82)
earlier proposed that such a mechanism, involving multiple negatively charged sites, might
explain the high on-rates for ligand-binding displayed by AChE. The aromatic lining could
function analogously by providing a similar array of low-affinity binding sites (an 'aromatic

guidance' mechanism). The ACh, once trapped at the top of the well, could diffuse rapidly down
to the active site. This same mechanism might also provide an efficient means of achieving rapid
clearance of the quaternary reaction product, choline.

B) AChE-ligand Complexes

Obviously, answers to some of the questions raised by the novel and unexpected 3-D
structure of AChE can be answered by studying the 3-D structure of the native enzyme with
suitable ligands. The structure of such complexes should provide direct information about the
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areas of the molecule and the specific amino acid residues involved in ligand-binding and,

eventually, should allow a detailed understanding of structure-function relationships which will

be of pharmacological and toxicological importance.

A commonly used and convenient procedure, when applicable, for determining the structure

of complexes of a given protein with ligands of interest, is to soak the ligand in question into

native crystals. If the crystals survive this procedure and the ligand in question indeed penetrates

to the appropriate binding site, the difference in the electron density map of the native crystal and

the putative complex permits ready identification of the ligand within the binding site and

elucidation of its interactions with the protein. This procedure was successfully applied to three

specific AChE inhibitors of basic and pharmacological interest, and the results obtained are

described in this section.

1) 3-D structure of AChE complexed with edrophonium

A crystalline complex of AChE with the drug edrophonium (EDR, Figure 1 A) was obtained

by soaking the ligand into native crystals of T. californica AChE. EDR is a powerful

competitive inhibitor of AChE (17). Since EDR is quaternary, it does not penetrate cell

membranes or the blood-brain barrier and thus acts primarily at peripheral sites such as the

muscle endplate, and is used clinically in diagnosis of myasthenia gravis (5).

The EDR-AChE complex was obtained by soaking in 10 mM EDR for 14 days. X-ray data

sets were collected as for the native crystal (40). The structure was determined by the difference

Fourier technique and was refined using simulated annealing and restrained refinement in a way

similar to that used for the native crystal (40).

The overall conformations of native AChE and of the EDR complex are very similar. The

quaternary nitrogen group of EDR nestles adjacent to the indole ring of Trp84, as predicted by us

for the quaternary group of ACh (40), with the three alkyl groups lying in a plane approximately

parallel to and -4 A away from that of the indole ring of Trp84 (83). Trp84 is the same residue

which had been covalently labeled by the aziridinium ion (63), which is similar in structure to

EDR; furthermore, EDR protects against labeling by aziridinium. Our data also demonstrate,

therefore, a close correspondence between the crystal structure and that in solution. The hydroxyl

group at the meta position in EDR is positioned between His440 Ne2 and O0, making hydrogen

bonds of 2.9A and 3. IA, respectively, to these functional atoms of two of the three members of

the catalytic triad (see Figure 12A). This provides a structural basis for the observation that such
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meta-substituted anilinium ions are much better competitive inhibitors of AChE than either the

homologous nonsubstituted anilinium ions or ones in which the ring has been substituted at a

different position (17).

The most pronounced differences between the native AChE structure and that of the complex

lie in the positioning of the aromatic rings of residues Phe330, close to the active site triad, and

Trp279, -17 A away from Phe330, near the entrance of the gorge. Both residues belong to the

set of highly conserved aromatic amino acids whose rings line the surface of the gorge (40). In

the complex, the benzene ring of Phe330 swings from its position in the native enzyme to make a

better aromatic-aromatic interaction (84) or aromatic-quaternary nitrogen interaction (85) with

the ring(s) of the corresponding inhibitor (see Figure 13). As already mentioned above, a peptide

containing a Phe residue homologous to Phe330 in both Electrophorus and T. marmorata AChE

has been identified subsequent to photo affinity labeling (64, 65). The indole moiety of Trp279

changes its orientation even though it is located -8 A away from the nearest atom of either
inhibitor molecule.

2) 3-D structure of AChE complexed with tacrine

A crystalline AChE complex with another drug of clinical importance was similarly obtained

by soaking it into native AChE crystals. The drug, tacrine (1,2,3,4-tetrahydro-9-aminoacridine;
THA, Figure 1 IB), is also a powerful competitive inhibitor of AChE (86). Due to its tertiary

character, it can penetrate the blood-brain barrier, and is currently a promising candidate for

clinical trials in the therapy of Alzheimer's disease (87).

The THA-AChE complex was obtained by soaking in a saturated solution of THA for 2 days.
X-ray data sets were collected and refined in a way similar to that used for the native crystal (40).

The overall conformatia of native AChE and of the THA complex are very similar (83). In the

THA-AChE complex, the THA moiety is stacked against Trp84, and its ring nitrogen forms a

hydrogen bond with the main-chain c~rbony1 oxygen of His44O (3.0 A); its amino nitrogen forms

a 3.2 A hydrogen bond to a water molecule (Figure 12B). The structure of the THA-AChE

complex is thus also in agreement with earlier solution studies. Specifically, chemical labeling
identified tryptophan in the active site of AChE (62, 63). Moreover, our finding that the 3-ring

structure of THA is stacked opposite the indole ring of Tp84 is in full agreement with the
spectroscopic observation that the competitve inhibitor, N-methylacridinium, which also

possesses a 3-ring structure, forn..z i x½'ge-transfer complex with a Trp residue in the active site

of AChE in which the two ring structures face each other (20).
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In the AChE-THA complex, as in the AChE-EDR complex, the differences between the

native AChE structure and that of the complex lie in the positioning of the aromatic rings of

residues Phe330 (Figure 13), close to the active site triad, and Trp279, -17 A away from Phe330,

near the entrance of the gorge. The indole moiety of Trp279 changes its orientation, albeit rather

differently in each complex. We cannot, at this stage, totally exclude partial occupancy at this

site by a second THA molecule.

3) 3-D structure of AChE complexed with the bisguaternary inhibitor BW284c51

1,5-bis(4-allydimethylammoniumphenyl)pentan-3-one dibromide (BW284c51), is a powerful

bisquaternary cholinesterase inhibitor (Figure 1iC), which has been shown to display high

selectivity for AChE relative to butyrylcholinesterase (BChE); it is, accordingly, used routinely

to differentiate between the two (32). Its bisquaternary structure strongly suggests that while one

quaternary group is interacting with the 'anionic' subsite of the active site, the other may be

interacting with the 'peripheral' anionic site. Crystallographic examination of a BW284c51-

AChE complex may thus permit identification of the 'peripheral' site.

A crystalline complex of AChE with BW284c51 was obtained by soaking the native crystals

of T. californica AChE in a ImM solution of BW284c51 in 65% saturated (NH4)2SO 4 , 0.36M

phosphate, pH 6.3, for 1 day at 19*C. X-ray data sets were collected as for the native crystal

(40). The structure was determined by the difference Fourier technique and refined using

simulated annealing and restrained refinement in a way similar to that used for the native crystal

(40).

The highest positive difference electron density peaks appeared as an elongated shape with

one end, near the catalytic triad, showing more density than the other, which was near the surface

of the AChE molecule (Figures 14 & 15). The elongated density was fitted by the coordinates of

the refined crystal structure of r-2,trans-6-diphenyl-cis-3-methyl-4-thianone (88) while the

coordinates for the two quaternary nitrogen moieties were taken from the refined EDR-AChE

structure (see above), changing the ethyl to an allyl group. The overall conformations of native

AChE and of the BW-AChE complex are very similar (r.m.s. deviation -0.42 A). The inner

quaternary nitrogen of BW284c51 nestles adjacent to the indole ring of Trp84, as had been found

for the quaternary group of EDR when complexed with AChE, with the allyl chain and the two

methyl groups lying in a plane approximately parallel to and -4 A away from that of the indole

ring of Trp84. The aromatic ring of the outer quaternary group lies approximately parallel to that
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of Trp279, with the quaternary nitrogen -4.7 A from the indole group. The keto oxygen of the

inhibitor makes a rather long (3.8 A) hydrogen bond to the hydroxyl group of Tyrl21 - one of the

conserved aromatic residues of the active-site gorge.

As already mentioned, the location of the inner quaternary nitrogen moiety of BW284c51,

-4 A from Trp84, is approximately the same as that of the monoquatemary inhibitor, EDR, and

the aromatic ring of the latter occupies roughly the same volume as that of BW284c5 1. In both

BW-AChE and EDR-AChE the phenyl ring of Phe330 swings in a similar fashion from its

position in the native structure, to make a good aromatic-quaternary nitrogen interaction (85).

It was observed much earlier, in kinetic studies employing series of bisquaternary

compounds, that they were more powerful inhibitors than monoquaternary ligands of similar
chemical character. Furthermore, in series of such compounds in which alkyl chains of

increasing length separated the two charged groups (33), optimal inhibition occurred when they
were separated by about 15 A. On this basis, it was proposed that they derived their efficacy

from simultaneous binding to two 'anionic' subsites. In the refined structure of BW-AChE, the

distance between the two quaternary groups is 14.4 A. Our data thus suggest that W279, and
some neighboring groups at the top of the gorge, provide the second binding site for bis-

quaternary ligands in general, including, presumably, also such bisquaternary oximes as HI-6 and

toxogonin.

C. Conversion of AChE to BChE: Modeling and Mutagenesis

Cloning and sequencing have revealed striking sequence homology between AChE and

BChE (30, 56, 89). There is 53% identity, and 73% similarity, between H-BChE and the

phylogenetically distant Torpedo AChE (T-AChE). The three intrachain disulfides are in the

same position (36, 90), and no deletions or insertions occur in the first 535 amino acids,
including all those involved in catalytic activity. This marked structural similarity encouraged us

to use the three-dimensional structure of T-AChE (40) to model H-BChE. We hoped, thereby, to

gain an understanding of how structural differences between the two enzymes might account for

known differences in specificity.
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1) ModeLuilad*

This was carried out interactively, using FRODO (44-46), on an Evans & Sutherland PS390

graphics system, to convert the amino acid sequence of T-AChE to that of H-BChE. The

H-BChE structure was energy-minimized by the simulated-annealing program, X-PLOR (48),

using the POSITIONAL refinement option.

Residues 4-534 of T-AChE can be aligned with residues 2-532 of H-BChE (56), with 53%

identity and no deletions or additions (Figure 16). The catalytic triad residues are in exactly the

same positions (Ser200, Glu327 and His440 in T-AChE), as are the intrachain disulfide bonds

(36, 90). In the following, amino acid numbers will correspond to the numbering for T-AChE.

The starting model for H-BChE was the refined 2.8 A X-ray structure of T-AChE (40)

(Brookhaven access code lACE (43)). In this structure, all residues were seen, except 1-3, 485-

489 and 535-537, although 81 atoms in the side-chains of some surface polar residues were not

visible. To obtain the H-BChE model, all residues in the T-AChE sequence differing from those

of H-BChE were changed accordingly. 356 side-chains of H-BChE are either identical to those

of T-AChE or have the same number of dihedral angles. The initial H-BChE model retained the

experimentally determined torsion angles for these side-chains. An additional 83 residues, with

fewer side-chain torsion angles in H-BChE than in T-AChE, were also allowed to retain the

experimental X-ray torsion angles of T-AChE. The dihedral angles of 87 residues with longer

side-chains in H-BChE than in T-AChE were fixed to their most frequently found torsion angle

values (91). In only 13 cases, where the most common rotamer of a side-chain overlapped with

neighboring atoms, the second most common rotamer was taken. Energy minimization was

achieved after 110 cycles of positional refinement. At that stage the Ca r.m.s. deviation between

T-AChE structure and the H-BChE model was 0.28 A. The largest shift, 1.4 A, was displayed by

Ala534Met, the last C-terminal residue seen in the X-ray structure; the second largest shift,

0.9 A, was seen in Hisl59Pro, a surface residue. The positions of the catalytic triad residues,

Ser200, Glu327 and His440, showed only very small shifts (Ca shifts of 0.1, 0.1 and 0.14 A,
respectively).

In the T-AChE structure, the catalytic triad is located close to the bottom of a -20 A deep

narrow cavity. This cavity was named the aromatic gorge, since about 40% of its surface area is

lined with the rings of 14 aromatic amino acids (40). All these residues are fully conserved in

the five vertebrate AChE sequences determined so far (56, 89), with the exception of a single

case in which Phe is replaced by Tyr. This conservation suggests that these aromatic rings play
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an important role in AChE function. Indeed, various lines of evidence strongly indicate that

Phe330 and Trp84, which are close to the catalytic triad, may be directly involved in binding the

quaternary group of ACh (see above and refs. 40, 63). The role of other aromatic residues, more
distant from the active site, remains to be clarified, although we have suggested that some may
facilitate access of ACh to the active site by providing low affinity binding sites both for ACh

and for the choline produced by enzymic activity (40). Although as many as 30 amino acid
residues contribute, to some extent, to the lining of the gorge in the experimentally determined
structure of T-AChE, comparison of the sequences of T-AChE and of H-BChE, as well as of the

other known AChE and BChE sequences (56), shows that only 10 amino acids, whose side-
chains face the gorge, are different in BChE (Table 2). Four of these changes are unlikely to be

associated with the differences in enzymic properties of the two enzymes, since they involve
substitution by residues with similar side-chains, i.e., Val71lle, Serl22Thr, Leu282Val and

Ser286Thr. The other six cases all involve replacement of an aromatic residue in AChE by a
non-aromatic residue in BChE, viz. Tyr7OAsn, Tyrl2lGln, Trp279Ala, Phe288Leu, Phe29OVal

and Phe/Tyr330Ala.

2) Substrate docking and mutagenesis of the acvl-binding pocket

We previously suggested a plausible model for the docking of ACh, in an all-trans

configuration, within the active site of T-AChE (40). In this model, the acetyl group of ACh was
positioned to make a tetrahedral bond with Ser200 O.. This resulted in the positively charged
quaternary group of the choline moiety being within van der Waals distance (- 3.5 A) of Trp84,
whose presence within the 'anionic' site had been earlier suggested by affinity labeling (63). This

assignment was confirmed by the structures of two AChE-inhibitor complexes with the anionic-

site-directed competitive inhibitors, THA and EDR (see above), as well as of the complex with

the bisquaternary inhibitor, BW284c51. In the H-BChE model, Trp84, like the catalytic triad,
does not move relative to its position in T-AChE (Ca shift of 0.07 A). Hence it is possible to

model a bound BCh molecule in the same orientation as ACh. When we thus try to dock BCh in

the active site of AChE, it is clear that the bulkier butyryl moiety of BCh cannot fit into the
'esteratic' locus: it can be seen that two aromatic residues, Phe288 and Phe290, are near the
modeled acetyl moiety of the bound ACh molecule (see Figure 17A). In the H-BChE model,
however, substantial reduction in the size of the side-chains of the corresponding residues,

Leu288 and Va1290, permits the butyryl group to fit into the larger 'esteratic' pocket of the model

(see Figure 17b).
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The prediction of the theoretical docking procedure was tested experimentally by generating

the double mutant, Phe288Leu/Phe29OVal (92). Comparison of its activity towards butyryl-
thiocholine and acetylthiocholine showed that it hydrolyzed the butyryl ester at a substantial rate

compared to the acetyl ester, whereas no detectable activity on butyrylthiocholine was displayed

by wild-type T-AChE. The double mutant was also inhibited well by the BChE-specific

organophosphate inhibitor, isoOMPA, whereas the wild type Torpedo enzyme was almost totally
resistant to this reagent (Figure 18).

3) Modeling and mutagenesis of the peripheral anionic site

Two other changes which involve substitution of aromatic by nonaromatic residues, are of
amino acids whose aromatic side-chains undergo localized conformational changes upon binding

of the competitive inhibitors, THA and EDR, as shown by our crystallographic data (see above).
These changes are in Trp279 and Phe330. Phe330 is close to the ligand-binding site, and in both

complexes, the conformational change observed involves an aromatic-aromatic or an aromatic-
quaternary nitrogen interaction with the bound ligand (85). Trp279 is, however, at least 8 A
away from the 'anionic' site, and any direct contact with a small inhibitor bound at the 'anionic'
site can be precluded. Is Trp279, which undergoes a conformational change upon binding of
inhibitors to T-AChE, part of a different site? Bisquaternary ligands, such as decamethonium

(24), are more potent inhibitors of AChE than the corresponding monoquaternary ligands, and
this has been ascribed to their binding simultaneously to the 'anionic' subsite of the catalytic site

and to the 'peripheral' anionic site (33). Binding studies of several series of n-alkyl bis

ammonium ions have shown an optimal separation of 14-15 A between the two quaternary

groups, while the distance between the two indole moieties of Trp84 and Trp279 is -15 A in
AChE. These data can be rationalized by assuming that Trp279, at the mouth of the active-site

gorge, is an important component of the 'peripheral' anionic site. The X-ray structure of the

complex of T-AChE with the potent AChE-selective bisquaternary anticholinesterase agent,
BW284c51 (32), clearly implicates Trp279 in the binding site for the distal quaternary group (see

above). The enhanced potency of bisquaternary compounds, relative to the corresponding mono-
quaternary ligands, does not hold for BChE (33). Replacement of Trp279 by Ala in BChE might
thus explain its lack of a 'peripheral' site, and its failure to display enhanced sensitivity to bis-

quaternary inhibitors. The mutation Trp279Ala of Torpedo AChE was designed to test the above

hypothesis (92). Inhibition of Trp279Ala by the 'peripheral' site ligand, propidium (25), was

reduced at least 10-fold relative to inhibition of wild-type T-AChE by this ligand, whereas

inhibition by EDR, which is directed towards the 'anionic' subsite of the active site, was not
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affected (Figure 19). Inhibition of the Trp279Ala mutant by BW284c51 was only two-fold less

than that of wild-type T-AChE. It must be remembered that this bisquaternary ligand is still

capable of reacting with the 'anionic' subsite as in the wild-type enzyme; furthermore, our model

building reveals that several residues other than W279 may contribute to the 'peripheral' site, and

may participate to differing extents for different ligands. These residues include Tyr7O, Tyrl21

and Asp72. Additional model-building and data collection on suitable AChE-ligand complexes

will be necessary in order to fully delineate the 'peripheral' site.
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IV) DISCUSSION & CONCLUSIONS

In the research covered by this final report, we have described, for the first time, the

elucidation of the three-dimensional structure of acetylcholinesterase (AChE), that from Torpedo

californica, the purification and crystallization of which we had reported previously (38, 93).

We have further described the structure of complexes of the enzyme with three potent and

characteristic competitive inhibitors of basic and pharmacological interest. Finally, we have

shown that, due to their high sequence homology and similarity, it is possible to successfully

model human BChE (H-BChE) on the basis of the three-dimensional structure of Torpedo

AChE. The data so obtained can then be used, in combination with 'state-of-the art' site-directed

mutagenesis technology, so as to modify the specificity of the wild-type AChE with a high

degree of control and precision, and thereby to confer on it characteristic features of BChE. This

powerful 'modeling-and-mutagenesis' approach should obviously be of general validity for

implementation on AChE and BChE from other sources.

The three-dimensional structure of AChE was revealed as a novel and unexpected structure,

in which the active site was found to be located near the bottom of a deep and narrow cavity,

which we named the 'aromatic gorge', since it was lined with the rings of 14 highly conserved

aromatic amino acid residues. The subsequent structural studies of the ligand-AChE complexes,

as well as the modeling and the site-directed mutagenesis studies, have permitted an initial

understanding of the functional significance of the structure, and allowed us to ascribe a specific

role to some of the amino acid residues in the gorge.

AChE was revealed to be a typical serine hydrolase, inasmuch as it contains a catalytic triad,

composed of residues Ser200, His440 and Glu327; but the occurrence of Glu in the triad is a

novel feature, and AChE indeed belongs to a new family of enzymes, the Woj hydrolase family,

which gathers together a repertoire of enzymes which share a common fold but differ widely in

phylogenetic origin and specificity (94).

AChE differs, however, from serine hydrolases described previously in the fact that its active

site is located near the bottom of the 'aromatic gorge', the novel and unique structural feature

already mentioned. Although the specific subsite for the quaternary head group of the substrate,

acetylcholine (ACh), had always been believed to be an 'anionic' site composed of a number of

negative charges, and physicochemical evidence had been provided in support of this possibility

(75), modeling of ACh within the aromatic gorge strongly indicated that the quaternary group

was interacting with the indole ring of a specific conserved tryptophan residue, Trp84, which
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independent chemical evidence had recently implicated in the binding site (63). This unexpected

assignment was fully borne out by the direct experimental evidence provided by the studies with

the complexes of AChE with the two quaternary ligands, EDR and BW284c5 1, in both of which

the quaternary group clearly pointed directly at the indole ring of Trp84. Furthermore, the fused

ring structure of the tertiary ligand, tacrine, quite clearly oriented itself parallel to the same

indole ring, confirming the much earlier prediction made for a homologous ligand, N-

methylacridinium, on the basis of fluorescence spectroscopy (20).

The crystallographic data on the ligand-AChE complexes revealed, also, interaction of the

bound ligand with the ring of a second member of the set of conserved aromatic residues in the

gorge, namely Phe330. Whereas the position of the indole ring of Trp84 did not move

significantly upon ligand-binding, the phenyl ring of Phe330 moved significantly, -45" for EDR

and BW284c5 1, and 90* in the case of tacrine, where it lined up parallel both to the indole and to

the three-ring structure of the bound ligand. In this case, too, independent evidence, obtained in

solution by use of a photo affinity labeling probe, confirmed the crystallographic assignment

(65).

The involvement of aromatic rings in the so-called 'anionic' site was unexpected a priori, but
in addition to the good agreement with the labeling studies in solution, which were mentioned

above, the participation of aromatic rings in interaction with quaternary groups in general
received support from a recent study which invoked both theoretical considerations and the use
of model host compounds. The chemical basis for such interactions appears to be a charge-
charge interaction between the quaternary group and the Xr electrons of the aromatic ring (7).

Similar interactions occur also in the phosphorylcholine-binding site of the MoPc603 antibody

(95) and in the ACh-binding site of the nicotinic acetylcholine receptor (80, 96), and
conformational changes involving aromatic groups have been invoked as playing a role in
ligand-gated channels (97). The literature relating to quatemary-aromatic interactions has been
reviewed recently (98).

The crystallographic studies on the ligand-AChE complexes assigned a role to 2 of the 14

aromatic residues in the gorge, those directly involved in interaction with the quaternary group of
ACh. One possible role for aromatic residues more distal from the active site, i.e., further up the

gorge, would be to provide low affinity binding sites for the substrate molecule which would

facilitate its movement down the gorge towards the active site. We have coined this putative role
'aromatic guidance' (40) by analogy with the 'electrostatic guidance' invoked earlier to explain

the high efficacy of superoxide dismutase (77). This suggestion may partially or fully explain
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the role of some of the aromatic residues in the gorge, but the modeling of H-BChE, on the basis

of T-AChE, taken in conjunction with the site-directed mutagenesis assigns more specific roles

to others. Thus inspection of the T-AChE structure indicated that the rings of the two

phenylalanine residues, Phe288 and Phe290, provide a binding pocket for the acetyl moiety of

ACh, and that their dimensions precluded the entrance of the butyryl moiety into this pocket,

thus providing an explanation at the molecular level for the known specificity of AChE. Similar

inspection of the H-BChE model suggested that replacement of these two aromatic residues,

which are conserved in AChE, by Leu and Val residues in BChE, permits this latter enzyme to

accommodate the butyryl group in the corresponding binding pocket, thus allowing it to display

broader specificity. The site-directed mutagenesis experiments, involving production and

characterization of the Phe288Leu/Phe29OVal double mutant, provided clear-cut support for the

structural assignments and for the modeling.

Comparison of the three-dimensional structures of the native enzyme with that of the EDR

and tacrine complexes indicated that ligand binding was not accompanied by any overall change

in protein confoimation. There was, however, in addition to the major movement of the aromatic

ring of Phe330 already noted, substantial movement of the indole ring of Trp279, even though it

was not in direct contact with the bound ligand. The position of this residue, at the top of the

gorge, -15 A from the 'anionic' site, suggested that it might be part of the 'peripheral' anionic site.
Indeed, various lines of evidence converge to substantiate this assignment. Most important, the

three-dimensional structure of the AChE-BW complex reveals the distal quaternary group to be
near the indole ring of Trp279, and it is commonly accepted that such bisquaternary compounds

derive their enhanced potency from their ability to span the two 'anionic' sites (33). Furthermore,

it is known that this enhanced potency does not extend itself to BChE, which thus appears to be

lacking the 'peripheral' site (33). It was, therefore, significant that BChE is also devoid of W279,

even though this residue is conserved in the AChE sequences studied so far. Site-directed
mutagenesis provided further support for the involvement of W279 in the 'peripheral' anionic

site, since characterization of the Trp279Ala mutant of Torpedo AChE showed that its inhibition

by the characteristic peripheral ligand, propidium, was greatly reduced relative to inhibition of

the wild-type enzyme, whereas inhibition by EDR, which is directed to the 'anionic' subsite of

the active site, was not affected by the mutation. Thus, the mutagenesis data, as well, support the

participation of Trp279 in the 'peripheral' anionic site.

The data amassed so far assign specific roles to only five of the fourteen amino acids in the

aromatic gorge, and the function of the remaining nine has still to be clarified, as has that of other

residues in the gorge. At least two tyrosine residues, Tyr7O and Tyrl2l, in the upper part of the
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gorge, are near Trp279, and it will be necessary to examine carefully the structure of the AChE-
BW complex, as well as similar complexes with 'peripheral' site ligands such as propidium, and

to study suitable mutant forms of the enzyme, in order to assess whether they indeed participate
directly in the 'peripheral' site. The same holds true for the acidic residue, Asp72.

In summary it can fairly be stated that the studies carried out in the framework of the present

contract, and summarized in the present report, have greatly increased our understanding of the

specificity and mode of action of AChE. Many important features, however, remain open issues

which await resolution, and may help us to understand fully the structural basis for its remarkable

catalytic activity and for its rapid inhibition by certain organophosphates.
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Table 1. Crystallographic data

X-ray data sets were collected at room temperature for a native crystal and for the two heavy
atom derivatives, using a Siemens/Xentronics area detector installed on a Rigaku rotating anode
generator operating at 40 kV, 250 mA with a graphite monochromator. In addition, a native data
set, collected at 00 C, was used for refinement. Each data set was collected from a single crystal.
Data frames of 0.25', with an exposure time of 70 s, were collected and processed with the
XENGEN (99) and XDS (100) software packages. All subsequent crystallographic calculations
were performed using the CCP4 computing package (from the Daresbury laboratory, UK)
including the Dickerson-type refinement for heavy atom parameters as implemented in the
program PHASE (101). The anomalous differences of both the uranyl and the mercury
derivative were included in the phasing.

Space group: P3121 (a=1 10 A, c=135 A at RT#; a=b=1 13 A, c=137 A at 00C), I monomer/asymmetric unit
Derivative Native ( 0OQ Native (RT)1 U02(N03 )2 (RT) HAct ()
N u m b e r o f M e a s u re m e n ts 8 3 ,6 6 7 4 1 4 6 4 4 ,7 3 6 4 T 1
Number of unique reflections (completeness %) 23,587 (90) 22,523 (89) 23,631 (93) 24.297 (96)Resol. limit (A,)§ 

2.8 2.8 2.8 2.8

Rsvm (%)* 
10.4 10.3 11.5 11.1Riso (%)t 

_____ ______17.7 15.1MIR phasing in re~sol. range 15-2.8 A___________ 
______

R ll s(% )t 
__ _ _ _ 43.9 165.4rms fH/Eiso (all reflections/highest resol/ range) 1 3.16/3.00 1.35/I.56rms f"calc/Fano (all reflections/highest re~sol. range) 1 0.71/0.40 0.25/0.25Number of sites 

6 46Mean figure or merit (M IR) 0.59 all reflections/0.32 the highest reso i, shellMean figure of merit (after solvent flattening) 0.80 all reflections/0.68 the highest resol. shellMean phase change MIR vs solvent flattening 320 all reflections/530 the highest resol. shell

#RT=Room temperature (~200 C)
§Resol. = Resolution

e

*Rsym = •1I - <>/.ItRiso = X{(IIFPHI - IFpH) /Y.IFpI:•RCullis = {(XIIFPH ±_ Fpl - FH(calc)l) I /({ FPH - Fpl } for centric reflections.
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Table 2. Residues with side-chains facing the active site gorge where differences are found
between AChEs and BChEs

AChE BChE

Res. T H M B H M R

70 Y Y Y Y N N N

71 V V V V I I I

121 Y Y Y Y Q Q Q
122 S S S S T T T

279 W W W W A R V

282 L L L L V L V

286 S S S H T S S

288 F F F F L L L

290 F F F F V I V

330 F Y Y Y A A A

T - Torpedo, H- Human, M-Mouse, B-Bovine, R-Rabbit
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(A)

(B)

Figure 1. Crystals of AChE from Torpedo californica obtained by precipitation from (A)
PEG200 and (B) concentrated ammonium sulfate. In both cases the crystals shown are longer
than 0.5 mm in their shortest dimension.
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Figure 2. A single frame image obtained for a native crystal of Torpedo AChE (obtained from
ammonium sulfate) on a Siemens/Xentronics area detector at room temperature, exposure time,
120 s; oscillation, 0.250; crystal-detector-distance 12 cm; 20 = 100.
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OH 3  0- CH2 - CH 2

Figure 3. Schematic representation of the binding sites of AChE based upon previous kinetic,
spectroscopic and chemical modification studies. ES - esteratic site; AS - 'anionic' substrate
binding site; ACS - active-site-selective aromatic cation binding site; PAS - peripheral anionic
binding site(s). The hatched areas represent putative hydrophobic binding regions. The ACh
molecule is shown spanning the esteratic and anionic sites of the catalytic center. Imidazole and
hydroxyl side-chains of His and Ser are shown within the esteratic site. (COO-)n, within the
anionic site, represents 6-9 putative negative charges.
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Figure 4. Representative portion, displayed in stereo, of the MIR-WANG 2.8 A electron density
map of AChE, in the vicinity of the active site. The final refined atomic model is superimposed.
The Oy of Ser200 is seen to lie at the elbow of the strand-turn-helix motif, within hydrogen
bonding distance of His440. Glu327, the third member of the catalytic triad, cannot be seen
since it is out of the plane of the figure. Note the large number of aromatic residues in the
immediate vicinity of the active-site serine.
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A

-2 - 2 3 4 5 5 7 8 9 10

Figure 5. (A) Stereo Ca trace Of the AChE mnoDmer looking inoteatvMit og.Rsde
in the catalytic tad ar indicated by solid black lineL (B) Stere ribbon diagrm made using the
RIBBON progrm (102), oriented as in Figure 5A. The N-teminus is located at the top : it of
the picture, and the C-terminus at the lower lefL The 12-stranded p,-shet is approximtely
parallel to the plane of the figure, with its convex surface pointing up. The sheet is sandwiched
between six helices, two on its concave surface (underneath in this view) and four on its convex
surface. The othr eight helices all occur in loops above the sandwich. (C) Secondary structure
cartoon showing the topology of AChE, with the p-sheets reprMesentd by grey arrows and the a-
helices by rods. The dashed vertical lines indicate that the central eight-stranded mixed p-sheet
makes relatively few hydrogen bonds to either the first or the last p-hairpin loops. The
numbering of the central p-sheet corrsponds 1o that of the 8-stranded p-structure of co hydrolase
fold (94). Several helical stretc are found between strands 6-7 and 7-8 (see Figure 6); for the
sake of clarity only the last helix is displayed in each case. The filled circles indicate the
positions of the catalytic triad; Ser200 occurs after strand 5, Glu327 after strand 7, and His44O
safter siand S.
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T. californica Acetylcholinesterase

1 DDHSELLVNT KSGKVMGTRV PVLSSHISAF LGIPFAEPPV GNMRFRRPEP
0 son a a 0 so cam olinillosion a me Sam

I • 1
51 KKPWSGVWNA STYPNNCQQY VDEQFPGFSG SEMWNPNREM SEDCLYLNIW

0 so an a 0 0 a En ie ONES U ODIEEEiEEE UlEEiEuEOi

101 VPSPRPKSTT -VMVWIYGGGF YSGSSTLDVY NGKYLAYTEE VVLVSLSYRV
a ONE a U *DOOEEEEUEE MEE comma woos U EMEND son

151 GAFGFLALHG SQEAPGNVGL LDQRMALQWV HDNIQFFGGD PKTVTIFGES
0 iimini a 0 nmiolli--liOMin 5 Oii Bile i oanoniii

201 AGGASVGMHI LSPGSRDLFR RAILQSGSPN CPWASVSVAE GRRRAVELGR
-no iMMEEED o so No MionEMn aN BENDS i DRoEESm No

251 NLNC ---- NLNSDE ELIHCLREKK PQELIDVEWN VLPFDSIFRF SFVPVIDGEF
o N a END ago 0 a EDo ME EiE 0 owns *EiEOliOi

301 FPTSLESMLN SGNFKKTQIL LGVNKDEGSF FLLYGAPGFS KDSESKISRE
0 U DOE U m iO N DnE nnunno moons mass un on nun

351 DFMSGVKLSV PHANDLGLDA VTLQYTDWMD DNNGIKNRDG LDDIVGDHNV
sD MiOO U U END On U U SNEED EDo 0 Dun mom

711 ýý0*PN V *
401 ICPLMHFVNK YTKFGNGTYL YFFNHRASNL VWPEWMGVIH GYEIEFVFGL

DEED 0 U U n U moos a so SEuE U iiEEEEOIED

aG

451 PLVKELNYTA EEEALSRRIM HYWATFAKTG NPNEPHSQES -KWPLFTTKEQ
on mEE on sDn on swoon moos orn on UiN 01 Hi ti i I~iiO io

501 KFIDLNTEPM KVHQRLRVQM CVFWNQFLPK LLNATAC
D3 N oe U U u U mom soen EN on

Figure 6. Amino acid sequence and secondary structure of the polypeptide chain of PZ-anchored
AChE from T. californica (taken from (15, 35, 42)). Aromatic residues are in bold, with those
whose side-chain faces the active site pocket being starred (*). The members of the catalytic
triad are marked with an open arrowhead. Sequence homology was examined between this
AChE and four others (T. marmorata, mouse, human and bovine (55)). Dashes indicate gaps in
the Torpedo sequence relative to the mammalian sequences. All identical residues, i.e.
conserved in all five sequences, are marked by £2. Similar residues are marked by [C-, where
similarity is considered to be present if G is replaced by A (or vice versa), T by S, D by E, K by
R and L by V, I or M. The pairs of cysteines in the conserved disulfide bridges (36) are
connected appropriately. 13-stands and a-helical regions are indicated by arrows and by zig-zag
lines, respectively, above the amino acid sequence.
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N

C
S~C

Figure 7. Ca trace of an AChE dimer, viewed down the crystallographic two-fold axis. The
active sites, whose positions are indicated by arrows, are about 60 A apart. A four-helix bundle
composed of a-helices F3 and H from each subunit and a short loop between a-helices F3 and F
are the only observed non-covalent contacts between the two subunits.
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A
10210

HH (A)

Figure 8. (A) Superposition of the catalytic triads of AChE (Ser200-His440-Glu327) (darker)
and Cht (103) (Serl95-His57-Asp102) (lighter) showing that the main chains point in opposite
directions at the histidine and the serine when the imidazole rings of the histidines are
superimposed. The hydrogen bonds of the active site triads are marked by dashed lines. The
distance Ser2000- His44ONe2 is 3.1 A; His44ON& - Glu3270Qe is 2.5 A. (B) A theoretical
model for the docking of ACh onto AChE. The triad and the nearby environment are shown,
including the oxyanion hole and Trp84. The thin solid line marks the bond produced in the
transition state between Ser20MOCof AChE and the carbonyl carbon of ACh. Dashed lines
indicate the putative hydrogen bonds.
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(A)

(B)

Figure 9. (A) Stereo illustration of a thin slice through the AChE monomer. The blue dot van

der Wals surface shows the narrow gorge- leading down to the active site. The backbone is pink,

the aromatic grotps are light green, and the catalytic triad is white. (B) Space-filling stereo view

o! the AChE molecule looking down into the active site gorge using the Maclmdad program.

Aronritic residues are green and other residues grey. Ser200 (red) and Glu199 (cyan) are visible

towards the bottom of the gorge.
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Figure 10. Stereo representation which includes all residues contributing to the active site gorge.
The view is rotated -90" around the vertical axis relative to the view shown in Figure 9A.
Aromatic residues are colored gold and other residues blue, both types being embellished with
van der Waals dot surfaces. The catalytic triad residues are pink. This view of the gorge clearly
shows that the rim on one side is much higher than on the other.
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OH3

N+CH3 NH2

O H

0)

4+ N•N÷ / \•OHH

H3 + H3

OH 3  OH 3

C

Figure 11. Chemical formulae of the anticholinesterase agents: (A) EDR; (B) THA; (C)

BW284c51.
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H 440 H 440

S200 3302~~F " 3F333S20

"T '(A)
EDR EDR

W 84 WAT W84 WAT

ellT OWAT

E 27 E 27

H 440 H 440

SS200 F200

(B3)

Figure 12. (A) Initial stereo (Fobs-Fcalc) electron density map at 2.8 A resolution of (A) the EDR-
AChE complex, (B) the THA-AChE complex, each contoured at 3.9 a, after refinement of the
native protein coordinates in the absence of ligand. The final refined coordinates (R=18.2% and
18.4% for the EDR-AChE and THA-AChE complexes respectively) of the protein-ligand
complexes are superimposed on each maps.
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(A)

(B)

Figure 13. Comparison of the refined crystal structures of native AChE versus (A) the EDR-

AChE complex, and (B) the THA-AChE complex in the vicinity of the active site, with key

amino acids labeled and the bound ligands designated as residue 550. The native structure is

shown in yellow in both complexes. The EDR-AChE complex is shown in pink and the THA-

AChE complex in blue. Note that in both complexes the phenyl ring of F330 is the only moiety

in the protein which moves significantly, relative to the native structure, upon ligand binding.
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W 279279

5W BW

F 330F 330

S200 W 4 0W 84

Figure 14. Initial stereo (Fobs-Fcalc) electron density map at 2.8 A resolution of the BW-AChE

complex, contoured at 3.5 a, after refinement of the native protein coordinates in the absence of

ligand. The final refined coordinates (R=19.8%) of the protein-BW complex are superimposed
on this map.
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Figure 15. A cross section of the active site gorge, based on the X-ray structure of the AChE-
BW complex, shows BW284c51 lying along the length of the gorge, with its two quaternary
groups close to Trp84 and Trp279.
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4 5 10 V 1?0

TAE0 20

ILi.IIDT
H BChE L'DI2?1 V ?0 -- V30

TAMhE MI

T AchE F

H BChE

Figure 16. Comparison of the amino acid sequences of Torpedo californica AChE and human
BChE. Residues 4-534, which are seen in the X-ray structure of the Torpedo structur are
compared. Reverse video indicates identical residues, whereas grey boxes indicate similar
residues (i.e. Aand(; T and S; Dand E; Kand R; Fand Y; Nand Q; L,V, Iand M). Aromatic

* residues in the active-site gorge are marked with V. Numbering is that of Torpedo ACHE.
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HIS HIS

* DSER

2 PHE 2 PHE

290 PHE 290 PH

NN

(A)

84 TRP!.

4,40 HIS

HI

ýLEU LEU

290 VAL 290 VA'

(B)

Figure 17. (a) Stereo view of the van der Waals surface of atoms within 3 A of ACh in the
Topedo AChE X-ray structure. (b) Stereo view of the van der Waals surface of atoms within

3 A of BCh in the human BChE model.
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isoOMPA INHIBITION OF WT TORPEDO
AChE AND F288L/F290V DOUBLE MUTANT

100

80

>, 60

40
* 40

20

0

0 0.5 1 1.5 2

[isoOMPA] (mM)

Figure 18. Concentration-dependence of inhibition by isoOMPA of wild-type (WT) Torpedo
AChE (o-o) and the F288L/F290V double mutant (0-0). Preincubation with isoOMPA was for
40 minutes are room temperature at the appropriate concentration, and the assay was performed
on acetylcholine. Each point represents the average of triplicate assays, and the error bar
indicates the extremes for each time point.
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Figure 19. Inhibition of wild-type (WT) Torpedo AChE and the W279A mutant by edrophonium
(A), propidium (B) and BW284c51 (C).
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